Glucagon-like peptide 1 (GLP-1) is an incretin hormone released from the gut in response to food intake. Whereas GLP-1 acts in the periphery to inhibit glucagon secretion and stimulate insulin release, it also acts in the central nervous system to mediate autonomic control of feeding, body temperature, and cardiovascular function. Because of its role as an incretin hormone, GLP-1 receptor analogs are used as a treatment for type 2 diabetes. Central or peripheral administration of GLP-1 increases blood pressure and heart rate, possibly by activating brainstem autonomic nuclei and increasing vagus nerve activity. However, the mechanism(s) by which GLP-1 receptor stimulation affects cardiovascular function are unknown. We used the long-lasting GLP-1 receptor agonist Exendin-4 (Ex-4) to test the hypothesis that GLP-1 signalling modulates central parasympathetic control of heart rate.
Introduction
Glucagon-like peptide-1 (GLP-1) is an incretin hormone derived from proglucagon and released from the small intestine following food ingestion. 1 Under hyperglycaemic conditions, GLP-1 inhibits glucagon secretion, stimulates insulin release, and increases glucose uptake in muscle and liver cells to lower blood glucose levels. 2, 3 GLP-1 effectively improves glucose regulation in humans, 4 and the long-lasting GLP-1 receptor agonist, Exendin-4 (Ex-4) is an approved treatment for diabetes. 5 In addition to its insulinotropic effects, GLP-1 acts in the central nervous system (CNS) to regulate energy metabolism and autonomic function. 6 -9 In some studies peripheral or central GLP-1 receptor stimulation increases heart rate and blood pressure. 10, 11 In human subjects, peripheral administration of GLP-1 or the long-lasting GLP-1 receptor agonist Ex-4 is reported to increase 12 or have no effect on heart rate. 13, 14 However, GLP-1 may modulate CNS centres that regulate heart rate. As evidence, GLP-1 receptor agonists activate cells in the adrenal medulla and sympathetic regulatory nuclei of the brainstem, 10 and recent findings suggest that central GLP-1 receptor activation increases vagal nerve activity. 15 However, the effects of central GLP-1 receptor stimulation on the autonomic modulation of heart rate are unknown. The predominant negative chronotropic control of heart rate is mediated by preganglionic parasympathetic cardiac vagal neurons in † These authors contributed equally to this work. the nucleus ambiguus. Cardiac vagal neurons provide tonic parasympathetic activity to the heart. 16 However, cardiac vagal neurons do not exhibit spontaneous bursting properties; rather they require synaptic neurotransmission to direct their activity. 17 Cardiac vagal neurons receive excitatory glutamatergic and inhibitory glycinergic and GABAergic (y-Aminobutyric acid) neurotransmission. 18 This synaptic input arises from, among others, the nucleus tractus solitarius (NTS) and local neurons in close proximity to the NTS and nucleus ambiguus. 19, 20 GLP-1 peptide and receptors are expressed in the NTS 21 ; however, whether brainstem GLP-1 receptor signalling affects synaptic neurotransmission to cardiac vagal neurons remains unclear. Diabetes is associated with significant cardiovascular dysfunction; hypertension, heart failure, and coronary artery disease are prevalent in diabetic populations. 22 -25 Diabetes is also associated with autonomic imbalance, manifest as parasympathetic withdrawal, and sympathetic dominance, 23 suggesting these patients may be particularly sensitive to drugs which alter autonomic control of heart rate. We used Ex-4 to investigate the mechanism(s) mediating changes in central parasympathetic modulation of heart rate upon GLP-1 receptor activation. We assessed parasympathetic modulation of the heart rate using spectral analysis of heart rate variability (HRV). Further, we examined the effects of GLP-1 receptor signalling on neurotransmission to cardiac vagal neurons in the nucleus ambiguus.
Methods

Animals
Twenty male B6C3F1/J mice (Jackson Laboratories; Bar Harbor, ME, USA) were housed under a 12 h light/dark cycle and had access to food and water ad libitum. Body weight and blood glucose levels were recorded at the same time of the day (between 11:00 and 12:00) throughout the study. This investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). All procedures using these mice were approved by the Institutional Animal Care and Use Committees of the National Institute on Aging and George Washington University.
Telemetry and surgical implantation
A telemetry system was used to continuously monitor physiological and behavioural parameters of mice in their home cages as described previously. 26 Briefly, a transmitter, TA10ETA-F20 (Data Sciences International, St Paul, MN, USA), which monitors electrocardiogram (ECG), core body temperature, and general activity, was surgically implanted in each of the mice. Two biopotential leads were routed subcutaneously lateral to midline of the chest and secured to chest muscles with silk sutures (Ethicon). Telemetry data were continuously recorded in 2.5 min bins, every 10 min. Mice were implanted with transmitters at 2 months of age and allowed to recover for a month before beginning recording.
Intracerebroventricular cannulation and exendin-4 infusion
A chronic indwelling cannula was implanted into the lateral ventricle of mice to allow intracerebroventricular (icv) application of Ex-4 or artificial cerebrospinal fluid (aCSF). Cannulae (Brain infusion kit 3) and microosmotic minipumps (model 1002) were purchased from Alzet (DURECT Corp., Cupertino, CA, USA). At 12 weeks, following recovery from transmitter implantation, mice were anaesthetized with isoflurane and a cannula was implanted and fixed on the surface of the skull using dental cement. The tip of the cannula was located in the lateral ventricle (AP 20.25 mm, L 1.0 mm, Depth 2.5 mm) for icv infusion. Ex-4 (AnaSpec, Freemont, CA, USA) was dissolved in aCSF. Preliminary studies determined the effective dose of Ex-4 to be 10 ng/h (1 pmol/kg/min). This dose is similar to that used in other studies examining central cardiovascular effects of Ex-4 in rodents and is well below the effective peripheral dose. 10, 15, 27 Artificial CSF (n ¼ 10) or Ex-4 (n ¼ 10) was delivered using a subcutaneous micro-osmotic pump (model 1002) attached to the icv cannula. Mice were allowed to recover from the cannulation surgery for 24 h before infusion began. Acute infusions were calculated as the first 24 h cycle of aCSF or Ex-4 infusion.
Power spectral analysis
Twenty-four hour blocks of inter-beat interval were extracted using Dataquest A.R.T. 3.0 software (Data Sciences International). ECG data were extracted at basal levels (prior to aCSF or Ex-4 infusion) and on each day throughout infusion with either aCSF or Ex-4. All data were subsequently processed offline using MATLAB (Mathworks). For each 2.5 min recording, ectopic beats and outliers greater than 50 standard deviations from the mean were replaced by the means of the previous and next valid measures. Subsequently, the signal was resampled at 10 Hz using a spline function to ensure equidistant measures. A modified periodogram, which included a discrete fast Fourier transform and Hamming window to prevent spectral leakage, was used to calculate the power spectral density of each 2.5 min segment. Each spectrum was integrated between 0.4 -1.5 and 1.5 -5.0 Hz 28 to calculate the power in the low frequency (LF) and high frequency (HF) bands, respectively. To ascertain the time course of these measures, plots of LF and HF power over 24 h blocks were constructed, and area under the curve (AUC) values were calculated using the linear trapezoidal rule.
Electrophysiology
Cardiac vagal neurons were retrogradely labelled from the heart as described previously 29 in B6C3F1/J mouse pups at postnatal days 1 -3.
Briefly, a right thoracotomy was performed, and the retrograde fluorescent tracer X-rhodamine-5-(and-6)-isothiocyanate (XRITC, Molecular Probes, Eugene, OR, USA) was injected into the fat pads at the base of the heart. On the day of the experiment (2-4 days later), the mice were anaesthetized with isoflurane and killed by rapid cervical dislocation. The brain was submerged in cold (48C) buffer (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 5 mM glucose, and 10 mM HEPES) and continually gassed with 100% O 2 .
The medulla was carefully removed and mounted on a cutting block and placed into a vibrating blade microtome (Leica, Nussloch, Germany). Serial transverse sections (250 -500 mm) were sliced that included parasympathetic cardiac vagal neurons. Slices were perfused (4 mL/min) in a recording chamber with room temperature aCSF (125 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 26 mM NaHCO 3 , 5 mM glucose, 5 mM HEPES) equilibrated with 95% O 2 and 5% CO 2 (pH 7.35-7.4).
Individual cardiac vagal neurons in the nucleus ambiguus were identified by the presence of the fluorescent tracer using a Zeiss Axioskop upright microscope (Carl Zeiss, Inc., Thornwood, NY, USA) using a ×40 water immersion objective. These identified cardiac vagal neurons were then imaged with differential interference contrast optics, infrared illumination, and infrared-sensitive video detection cameras to gain better spatial resolution. Patch pipettes (2.5-3.5 megaohms) were visually guided to the surface of individual cardiac vagal neurons (Zeiss, Oberkochen, Germany). For examination of excitatory postsynaptic currents (EPSCs), patch pipettes were filled with a solution consisting of 135 mM K-gluconic acid, 10 mM HEPES, 10 mM EGTA, 1 mM CaCl 2 , 2 mM Na-ATP, and 1 mM MgCl 2 (pH 7.35-7.4). For recording inhibitory postsynaptic currents (IPSCs), patch pipettes were filled with a solution consisting of 150 mM KCl, 4 mM MgCl 2 , 2 mM EGTA, 2 mM Na-ATP, and 10 mM Exendin-4 inhibits vagal modulation of heart rate HEPES (pH 7.4). Voltage clamp whole-cell recordings were made with an Axopatch 200B, and pClamp 8 software (Axon Instruments, Union City, CA, USA) at a holding potential of -80 mV.
Drugs were continuously applied throughout the experiments by inclusion in the bath perfusate. Glutamatergic postsynaptic currents were isolated by application of gabazine (25 mM), a GABA A receptor antagonist, and strychnine (1 mM), a glycinergic receptor antagonist. Similarly, the non-NMDA (N-methyl-D-aspartic acid) and NMDA receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 50 mM) and D-2-Amino-5 phosphonovalerate (AP5; 50 mM), respectively, as well as strychnine (1 mM),were applied to isolate GABAergic neurotransmission. Gabazine (25 mM), CNQX (50 mM), and AP5 (50 mM) were applied to isolate glycinergic postsynaptic currents. Analysis of spontaneous events was performed using MiniAnalysis (Synaptosoft, version 4.3.1). The minimal acceptable amplitude of synaptic events was set by determining the lowest threshold that elicited no events in the presence of the appropriate antagonist at the end of each experiment (AP5 and CNQX for glutamatergic, gabazine for GABAergic, and strychnine for glycinergic events, respectively). Ex-4 (100 nM) was added to the perfusate. The concentrations chosen for the in vitro experiments were based on well-established studies examining electrophysiological responses to Ex-4 in vagal neurons in brainstem slices. 8, 30 Therefore, these studies are well matched to our experiments in both design and purpose. These studies extensively characterized the effective doses for GLP-1 receptor activation in brainstem slices and established that 100 nM Ex-4 mimics the effects of a submaximal dose of GLP-1. Other studies examining vagal neurons in the nodose ganglion also use 100 nM Ex-4 to mimic the effects of GLP-1. 31 In addition, studies examining the electrophysiological properties of hypothalamic neurons upon GLP-1 receptor activation also applied 100 nM Ex-4 32 or the effective submaximal dose of 1 mM Ex-4, a concentration that is 10-fold greater than we used in our experiments. 33 Only one experiment was performed per slice.
Data and statistical analysis
Telemetry data were divided into light and dark cycles and expressed as mean + standard error (SE). Data were analysed by two-way ANOVA with Bonferroni's post-hoc test and Student's t-test for individual comparisons between groups using GraphPad (GraphPad software, Inc., San Diego, CA, USA); significance was set at P , 0.05. For electrophysiology, each cardiac vagal neuron served as its own control; neuronal responses were assessed before and after drug addition and compared using Student's t-test. Significance was set at P , 0.05. Results are expressed as mean + SE.
Results
Acute Ex-4 treatment
We first evaluated physiological variables during the first 24 h of icv infusion of aCSF or Ex-4. Ex-4 (10 ng/h; icv) acutely lowered blood glucose levels (aCSF, 137 + 6 mg/dL; Ex-4, 116 + 2 mg/dL; P , 0.05; n ¼ 10 for each group). Baseline activity prior to infusions was not significantly different between groups (day, aCSF 4 + 1 counts/min, Ex-4 3 + 1 counts/min, P . 0.05; Night, aCSF 9 + 2 counts/min, Ex-4 10 + 1 counts/min, P . 0.05). Consistent with other reports, 27 Ex-4 did not alter activity of the mice at any time of the circadian cycle during the first 24 h of administration (see Supplementary material online, Figure S1A and B). However, Ex-4 did significantly decrease body temperature (see Supplementary material online, Figure S2A and B). Baseline temperature prior to infusions was not significantly different between groups (day, aCSF 36.15 + 0.088C, Ex-4 36.12 + 0.018C, P . 0.05; Night, aCSF 37.01 + 0.168C, Ex-4 37.09 + 0.068C, P . 0.05). Consistent with other reports, 27 centrally administered Ex-4 acutely elevated heart rate ( Figure 1A ). Baseline heart rates prior to infusions were not significantly different between groups (day, aCSF 531 + 5 beats/min, Ex-4 526 + 8 beats/min, P . 0.05; Night aCSF 564 + 7 beats/min, Ex-4 565 + 7 beats/min, P . 0.05). Mean heart rate was elevated during both the dark and light cycle of the first day of Ex-4 treatment ( Figure 1B) . To determine the autonomic effects of Ex-4 treatment, we performed spectral analysis of HRV. In mice, changes in HRV predominantly reflect changes in the parasympathetic nervous system, as both the high frequency (HF) and low frequency (LF) powers are significantly diminished in the presence of atropine. 34 Further, because of the vagal predominance of HRV, the LF/HF ratio is not useful for detecting sympatho-vagal balance in mice. 35, 36 Ex-4 acutely induced a significant decrease in both the LF and HF powers of HRV (Figure 2 ).
Chronic Ex-4 treatment
To test whether chronic icv administration of Ex-4 alters autonomic nervous system activity, we administered icv Ex-4 (10 ng/h) continuously during a 28 day period. Mice receiving Ex-4 had a substantial decrease in body weight that reached a nadir on treatment day 8 and then slowly returned towards the weight of aCSF-treated control mice at the end of the treatment period (see Supplementary material online, Figure S3A ). Chronic icv Ex-4 lowered blood glucose levels during the first 4 days of treatment and glucose levels remained depressed throughout the duration of the treatment period (see Supplementary material online, Figure S3B ). Activity of the mice was not significantly altered by chronic Ex-4 administration (see Supplementary material online, Figure S1C and D). However, body temperature was depressed in the initial 2 weeks of Ex-4 administration and returned to the levels of aCSF-treated mice during the last 14 days of the treatment period (see Supplementary material online Figure  S2B and C). Chronic Ex-4 administration induced a sustained elevation of heart rate over 28 days during both the light and dark cycles ( Figure 3A and B) . Associated with the higher heart rate was a sustained depression of the LF and HF powers of HRV of mice treated with Ex-4 throughout the 28 day treatment period (Figure 4A and B) . This suggests that Ex-4 elevates heart rate by decreasing the parasympathetic modulation of heart rate.
Effects of Ex-4 on neurotransmission to cardiac vagal neurons
Because HRV was significantly depressed by central Ex-4 administration, and in mice HRV is dominated by parasympathetic activity, 34, 35 we asked whether neurotransmission to cardiac vagal neurons is altered by Ex-4. Cardiac vagal neurons receive excitatory glutamatergic and inhibitory GABAergic and glycinergic synaptic neurotransmission. Ex-4 (100 nM) significantly depressed glutamatergic EPSC frequency in cardiac vagal neurons from 2.85 + 0.43 to 1.80 + 0.21 Hz ( Figure 5A ; n ¼ 6; P , 0.05). Glutamatergic 
Discussion
In this study we show that (i) acute and chronic administration of the GLP-1 receptor agonist Ex-4 results in a significant elevation in heart rate, (ii) centrally administered Ex-4 depresses spectral measures of HRV both acutely and chronically, and (iii) Ex-4 inhibits neurotransmission to cardiac vagal neurons in the nucleus ambiguus.
Similar to studies in both anaesthetized and freely moving rodents, 10, 11, 15, 27, 37 we show that central GLP-1 receptor stimulation elevates heart rate. Acute peripheral or central GLP-1 receptor stimulation increases heart rate and blood pressure. 10, 11 Our data indicate that both acute ( Figure 1 ) and chronic ( Figure 3) central Ex-4 administration increases heart rate during the light and dark cycles. The positive chronotropic effects of central GLP-1 receptor stimulation likely result from changes in parasympathetic activity. GLP-1 receptor agonists activate cells in the adrenal medulla and in sympathetic regulatory nuclei of the brainstem. 10 However, propranolol and adrenalectomy block blood pressure increases but not tachycardia following GLP-1 administration, indicating that the elevated heart rate does not result from sympathetic stimulation. 38 This suggests that sympathetic stimulation mediates the blood pressure but not heart rate effects of GLP-1. In contrast to sympathetic blockade, bilateral vagotomy prevents tachycardia following icv GLP-1 application in anaesthetized animals, suggesting that inhibition of vagal tone is responsible for elevated heart rate. 11 Our data, collected in freely moving unanaesthetized mice, supports and extends the previous findings in anaesthetized animals. Spectral analysis of HRV indicates central GLP-1 receptor signalling significantly depresses parasympathetic modulation of heart rate. Further, electrophysiological recording of cardiac vagal neurons suggests that GLP-1 receptor activation depresses neurotransmission to cardiac vagal neurons. Taken together, our data suggest that central GLP-1 receptor stimulation elevates heart rate by inhibiting vagal modulation of heart rate. The Ex-4-induced heart rate elevation observed in our study is likely mediated by medullary GLP-1 receptor signalling. The autonomic effects elicited by GLP-1 are mediated by brainstem receptor signalling, as decerebrated rodents retain autonomic responses to Ex-4.
27 GLP-1 receptors are located in several brainstem areas involved in autonomic control of heart rate. The area postrema, which innervates sympathetic preganglionic neurons in the rostral ventrolateral medulla as well as the NTS, expresses GLP-1 receptors and is activated by both peripheral and central GLP-1 administration. 7 Further, the NTS expresses GLP-1 binding sites and also produces GLP-1 protein. 21, 39 However, GLP-1 receptor mRNA is not present in the nucleus ambiguus. 39 Consistent with this, our data indicate that Ex-4 alters the frequency, but not amplitude, of neurotransmission to cardiac vagal neurons, suggesting that GLP-1 acts at neurons precedent to cardiac vagal neurons. This suggests that diminished neurotransmission in the presence of GLP-1 likely results from altered activity of neurons that innervate cardiac vagal neurons. Ex-4 inhibits both excitatory glutamatergic and inhibitory glycinergic neurotransmission to cardiac vagal neurons. These seemingly antagonistic actions of Ex-4 may result from synaptic inputs to cardiac vagal neurons that originate from different physiological reflexes. Stimulation of the NTS elicits a direct glutamatergic pathway to cardiac vagal neurons, 20 and likely mediates changes in cardiac vagal neuron activity in the baroreflex. Therefore, Ex-4-induced decreases in excitatory neurotransmission to cardiac vagal neurons may be associated with changes in activity of NTS neurons related to baroreflex function. Conversely, inhibitory neurotransmission to cardiac vagal neurons is strongly tied to respiratory inputs. Respiratory sinus arrhythmia, in which heart rate increases during inspiration to ensure the proper infusion gradient for oxygen in the lungs, is mediated by inhibition of cardiac vagal neurons during inspiration. 40 Therefore, Ex-4-induced depression of glycinergic neurotransmission may reflect diminished respiratory-related glycinergic neurotransmission to cardiac vagal neurons in the presence of GLP-1 receptor agonists. Dual inhibition of excitatory and inhibitory neurotransmission to cardiac vagal neurons likely differentially affects their activity based on the combination of active physiological reflex pathways at any given time. Further experiments are required to assess how GLP-1 receptor agonists alter cardiac vagal neuron activity in vivo.
The decreased HRV during central GLP-1 receptor stimulation may be associated with the well-known postprandial increase in heart rate. Food digestion is facilitated by increased parasympathetic activation and decreased sympathetic activation following a meal. 41 However, these changes in autonomic tone are heterogeneous; parasympathetic outflow to the gut and pancreas is increased, whereas vagal modulation of heart rate is diminished. 41, 42 In humans, heart rate increases following a meal, mediated by withdrawal of parasympathetic modulation of the heart (assessed by diminished HRV) and not by sympathetic activation. 42 Postprandial changes in vagal outflow are intimately related to GLP-1 signalling. GLP-1 is released after a meal, and central GLP-1 signalling stimulates insulin release and inhibits food intake and gastric emptying through vagally mediated pathways. 1, 8, 43 Our data indicate that GLP-1 receptor signalling increases heart rate, accompanied by diminished HRV. Therefore, parasympathetic responses to GLP-1 receptor activation may also be heterogeneous, resulting in both activation and inhibition of parasympathetic neurons on different target organs. Indeed, vagotomy abolishes the central effects of GLP-1 on gastric emptying, 8 as well as on stimulation of the heart rate. 11 Our data are consistent with this and suggest that, in addition to increased parasympathetic outflow to the gut, central GLP-1 receptor activation also results in diminished parasympathetic modulation of heart rate. Several disease states are associated with dysregulation of parasympathetic outflow to the heart. Diabetes is associated with sympathovagal imbalance, hypertension, and coronary artery disease. 23, 44 Further, patients with type 2 diabetes have a significantly increased risk for myocardial infarction and stroke. 25 Parasympathetic withdrawal is associated with ventricular arrhythmias and sudden cardiac death. 45 Re-establishment of parasympathetic outflow is associated with increased recovery in ischaemia and reperfusion-induced arrhythmias, as well as myocardial infarction, and restoring proper parasympathetic outflow is suggested as a therapeutic target to reduce mortality and sudden death. 46 -49 Therefore, the withdrawal of parasympathetic modulation of heart rate following central GLP-1 receptor stimulation may potentially aggravate autonomic imbalance in patients with type 2 diabetes and increase mortality risk. While Ex-4 treatment did not increase heart rate in relatively normotensive patients with type 2 diabetes, 13 other studies have reported increases in heart rate with Ex-4. 12 Our results suggest that further studies are warranted examining the affects of Ex-4 on autonomic balance in diabetic populations and suggest caution be exercised in administering GLP-1 receptor agonists to at risk populations. In summary, we report that acute and chronic central GLP-1 receptor stimulation depresses parasympathetic modulation of the heart rate. Further, Ex-4 inhibits neurotransmission to preganglionic parasympathetic cardiac vagal neurons, the predominant autonomic control of heart rate. These data provide a potential mechanism by which central GLP-1 receptor stimulation modulates parasympathetic outflow to the heart and increases heart rate.
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